Our knowledge of how the human brain differs from those of other species in terms of evolutionary adaptations and functionality is limited. Comparative genomics reveal valuable insight, especially the expansion of human-specific noncoding regulatory and repeat-containing regions. Recent studies add to our knowledge of evolving brain function by investigating cellular mechanisms such as protein emergence, extensive sequence editing, retrotransposon activity, dynamic epigenetic modifications, and multiple noncoding RNA functions. These findings present an opportunity to combine newly discovered genetic and epigenetic mechanisms with more established concepts into a more comprehensive picture to better understand the uniquely evolved human brain.
Introduction
Human evolution over the past 2 My has witnessed an incredible expansion of the brain and the acquisition of many higherorder cognitive functions including creativity and reasoning (Kaas 2013) . Comparative genomics using sequencing data of chimpanzee, the nearest human relative, found only 1% of the human genome to be unique at the nucleotide level (Consortium 2005) . Much of this human-specific sequence is dynamically expressed, especially in the brain and a significant portion is comprised of noncoding repeat-containing sequences, such as transposable elements (Mills et al. 2006; Umylny et al. 2007; Derrien et al. 2012) . Mechanisms are being uncovered that significantly contributed to human-specific adaptations, which have combined to increase brain size, complexity, and cognitive abilities (as summarized in fig. 1 ). Importantly, evolution is not restricted to one, or even a few, mechanisms of change and organisms adapt using many methods.
Retooling the Protein Toolbox
Evolution has not significantly changed the numbers of proteins between species but instead has skillfully reworked the protein space to adapt to new challenges and functions.
Novel Proteins
Although estimates vary, there are likely a few hundred human-specific genes and potentially another 1,500 that are primate-specific (Zhang et al. 2010) . Transposable element insertions, alternative splicing and segmental duplications largely contribute to the generation of genes and, although the majority of human-specific genes arise from changes in copies of existing genes, many originate from noncoding regions of primates (Xie et al. 2012) . Novel proteins derived from segmental duplications are clearly involved in human adaptation, especially in the brain, for example, for synaptic strength and neocortical expansion (Dennis and Eichler 2016) . A high proportion of human-specific genes are expressed in the prefrontal cortex and temporal lobe in early fetal development, participating in evolving brain function and architecture (Long et al. 2013; Bae et al. 2015) . Novel proteins may also arise from accelerated evolution of the gene itself or its regulatory regions, with examples including FZD8, a regulator of neocortex size (Boyd et al. 2015) and FOXP2, which is involved in speech development, enriched in excitatory neurons of the cerebral cortex and impacts dendrite morphology (Enard et al. 2002) .
Alternative Splicing
Over 90% of all multiexonic human genes undergo alternative splicing (Wang et al. 2008) . Humans have a higher rate of alternative splicing in the cortex than other species with differences of up to 8% between human and chimpanzee (Calarco et al. 2007 ). Alternative splicing frequencies are two times as high in primates compared with mouse and other vertebrates (Barbosa-Morais et al. 2012) . Over 500 genes were identified exhibiting different splicing patterns among humans, chimpanzees, and rhesus macaques and these are highly brain-specific (Lin et al. 2010) . Recently, NDE1, a gene involved in cortical neurogenesis was shown to have humanspecific splicing patterns, supporting the idea that splicing would be an essential mechanism for brain evolution and cognitive complexity (Mosca et al. 2017 ).
Innovations in Regulatory RNA
Noncoding RNA offers an energy efficient, activity-dependent platform for functional plasticity, complexity, and innovation without the need to 'create' protein-coding genes. The increased prevalence and function of noncoding RNAs may have been one of the main driving forces of human brain evolution and seem to closely parallel the increase in brain complexity (Liu et al. 2013 ).
RNA Editing
RNA editing is a post-transcriptional modification whereby deoxycytidines to deoxyuridines (C-to-U) changes are carried out by the APOBEC proteins and adenosine to inosine (A-to-I) changes are catalyzed by ADAR proteins. ADAR-mediated editing is extremely abundant in primates and has increased substantially in humans, being an order of magnitude more frequent than in mouse and other nonprimate mammals, mainly due to the large expansion of editable Alu elements (Eisenberg et al. 2005) . Editing levels are increased in the brain of humans compared with nonhuman primates and particularly enriched in genes with neuronal functions in humans (Paz-Yaacov et al. 2010) , whereas higher editing levels are correlated with subregions of the brain important for cognitive ability (Wu et al. 2015) . Brain-specific ion channels (Bhalla et al. 2004 ) and neurotransmitter receptor genes (Hideyama et al. 2010) are often substrates for editing in mammalian organisms (Jepson and Reenan 2008) . Single-cell transcriptomics has enabled observations of unique dynamics in brain cell types and identification of specific editing signatures within the human brain (Picardi et al. 2017) . Roles have been established for RNA editing in brain development and maturation, such as the modulation of editing enzymes by the environment through experience and behavior and the global control of editing in mice brains during early development (Wolf and Linden 2012 ).
Long Noncoding RNA Long noncoding RNA (lncRNAs) have greatly increased in the primate and human genomes, and the sheer numbers of these transcripts make them an important factor when considering evolved neural functions (Aprea and Calegari 2015) . LncRNAs are far more abundant than proteins (Xie et al. 2014) , rapidly evolving, highly lineage-specific and increase in number with organism complexity (Liu et al. 2013) . They maintain features common to protein-coding genes, such as alternative splicing and histone modification profiles, but are far more tissue-specific (Derrien et al. 2012 ) implying a contribution to functional refinement of regulatory circuits. LncRNAs are dynamically expressed during mouse neural lineage specification, and neuronal-glial fate transitions (Mercer et al. 2010 ). There are many examples of lncRNAs impacting human brain function (Briggs et al. 2015) , including a humanaccelerated region (HAR1), which is specifically expressed in the neocortex of developing human brains and may influence cortical structure (Pollard et al. 2006 ). Also, Gomafu, which is involved in brain development and postmitotic neuronal function (Sone et al. 2007 ) is associated with human neuronal Bitar and Barry . doi:10.1093/molbev/msx303 MBE activity and schizophrenia through its roles in alternative splicing (Barry et al. 2014 ).
Alterations to the Basic Genetic Code
The most direct method of introducing heritable and longlasting cellular change is through genome alterations that must be tightly regulated as they are potentially nonreversible and have significant effects on survival and heritability.
DNA Editing
Single base genome editing is carried out by the AID/APOBEC family via a deamination process converting C-to-U and is proposed to inhibit viruses and retrotransposons by disrupting their genomic sequence. APOBEC proteins have expanded in recent evolution, with APOBEC1 and APOBEC3 being mammal-specific, and APOBEC3 having greatly expanded in the primate lineage to yield seven isoforms originating from a single murine precursor (Conticello et al. 2005) . APOBEC family members are expressed in human neurons (Wang et al. 2009 ), demonstrate dynamic neural responses to viral infection (Wang et al. 2009 ) and are altered in psychiatric patients (Dong et al. 2012) . DNA editing, especially by APOBEC3, is also an important mechanism for retrotransposon modification an domestication, which likely contributed to human genome evolution (Carmi et al. 2011 ).
Retrotransposon Activity
Active insertion of retrotransposons led to an accumulation of LINE1 and Alu elements and drove the physical expansion of primate genomes to a point where nearly half the human genome is derived from retrotransposition (Lander et al. 2001; Cordaux and Batzer 2009) . Retroelements proliferated in discrete intervals during primate evolution, actively impacting the evolution of the human nervous system (Linker et al. 2017) . These elements promote structural genomic changes and act as scaffolds for genetic innovation, particularly in primates. Mobile genomic elements are actively altering the genome, including in human somatic brain cells (Erwin et al. 2014) . For example, germline and somatic retroelement insertions significantly contribute to neuronal diversity in the brain (Baillie et al. 2011) , alter the expression of neuronal genes and influence somatic cell populations in the brain during development and neurogenesis in response to environmental changes (Muotri et al. 2005 (Muotri et al. , 2009 ).
Segmental Duplications
There has been a significant increase in the prevalence of segmental duplications in humans and great apes (Marques-Bonet, Kidd, et al. 2009 ). Large recently duplicated sequences are abundant in the human genome, which are specifically rich in low copy repeats and segmental duplications. These account for 2.5 times more genetic variability between humans and primates than single base substitutions (Marques-Bonet, Girirajan, et al. 2009 ). A significant number of genes that undergo human-specific duplication are related to brain development (Sudmant et al. 2010) , including SRGAP2 (Dennis et al. 2012 ) and ARHGAP11, which are expressed in the developing brain and are proposed to promote neocortical expansion, the latter also increasing brain folding and overall brain size (Florio et al. 2015) .
Epigenetics: Fuelling Brain Plasticity and Adaptive Change
Epigenetics affords a rich source of immediate and flexible plasticity and variation. An estimated 42% of human-chimpanzee gene expression differences are accounted for by epigenetic differences (Zhou et al. 2014 ).
DNA Modifications
Although there are multiple DNA modifications known, DNA methylation (5-methylcytosine) is the only covalent modification of DNA commonly found across taxa. Several studies have identified hundreds of species-specific differentially methylated regions and up to 18% of the differential gene expression between human and chimpanzee may be explained by differential DNA methylation, especially in the brain (Pai et al. 2011; Prendergast et al. 2014 ). For example, there are almost 200 genes shown to bear significant humanspecific epigenetic differences despite having strictly conserved protein-coding sequences between human and chimpanzee, many of which are involved in brain development and neurological function (Hernando-Herraez et al. 2013) . It was previously shown that the human CpG methylation landscape is most different in the brain, when compared with chimpanzee (Enard et al. 2004) . Further reports provide similar evidence specifically for the prefrontal cortex (Wang et al. 2012; Zeng et al. 2012 ) and extensively correlate human-specific differential methylation in the brain with intergenic noncoding regions (Mendizabal et al. 2016 ).
Protein Modifications
There are over 400 post-translational modifications coordinated by more than a thousand enzymes that make up to 5% of the human genome (Walsh et al. 2005) . For example, 7,000 human proteins are phosphorylated (Kim and Hahn 2011) and >17,000 are acetylated . Protein phosphorylation acts in the brain regulating synaptic plasticity, learning, memory formation, and related cognition processes (Lee 2006; Abel and Nguyen 2008) . A significant portion of the kinases encoded in the chimpanzee genome have no close counterpart in humans (Anamika et al. 2008) , suggesting another level of divergence that may generate divergence. Human-specific phosphorylation sites have been reported (Kim and Hahn 2011) whereas human-specific ubiquitylation is involved in brain and nervous system development (Kim and Hahn 2012) . Protein palmitoylation was also shown to regulate neuronal development and synaptic plasticity (Fukata and Fukata 2010) and E3 ubiquitin ligases seem to have an active role in regulating neurodevelopment (Upadhyay et al. 2017) . Additionally, HIP14L a neuronalspecific palmitoyl acyltransferase, displays human-specific changes in brain splicing patterns, subsequent to human divergence from chimpanzees, which affect its protein-protein interaction motif (Lin et al. 2010 ).
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Histone Modifications
Many genes that gained H3K27 acetylation marks since the human-macaque split are important for human-specific traits. H3K27 acetylation marks at cis-regulatory elements in different regions of the human brain are positionally conserved compared with nonhuman primates, but the underlying genomic regions exhibit a high degree of sequence divergence (Vermunt et al. 2016) . H3K4 methylation marks are critical for normal human neurodevelopment (Peter and Akbarian 2011) and human-specific H3K4 methylation marks are found at almost 500 transcription start sites in the prefrontal cortex when compared with other primates (Shulha et al. 2012) . Combined, thousands of promoters and enhancers associated with cortical development genes display human-specific gains in H3K27 acetylation and H3K4 methylation (Reilly et al. 2015) . In addition to differential histone acetylation and methylation marks, primates have at least two specific histone H3 variants which are not observed in other mammals (Wiedemann et al. 2010) .
Conclusions
In addition to mechanisms discussed above, others are being uncovered that may contribute to human brain evolution, such as RNA modifications (Marshall and Bredy 2016; Widagdo et al. 2016) , circular RNAs (Chen and Schuman 2016; Pamudurti et al. 2017 ) and lncRNA-derived peptides (Chai et al. 2014; Yuan et al. 2016 ). Collectively, the broad scope of these illustrations implicates the involvement of multiple levels of cellular processes in human adaptive processes. Epigenetic marks restrict access to the genome that, when accessible is transcribed into RNAs, a subset of which are translated into proteins ( fig. 1 ). Sequence edits, insertions, and deletions and an extensive array of modifications and functional intermediates can affect each step and are tightly regulated to transmit cellular stimuli into cellular, and possibly adaptive, responses. In summary, evolution has developed an impressive selection of variables to draw from to regulate each of these steps and allow a high level of adaptive capacity, clearly evident in the striking example of the recently evolved human brain.
